The following compounds, which possess anti-R-plasmid activity (Hahn and Ciak, 1976) in decreasing order, were shown by viscometric titration to change systematically the superhelical density of closed circular PM2 deoxyribonucleic acid in the manner of intercalators: ethidium bromide, quinacrine, acridine orange, quinine, chlorpromazine, chloroquine, and methylene blue. The same effect was caused by the antimalarial drug primaquine, which has not been tested for antiplasmid activity.
It was originally proposed in this laboratory (11) that substances that bind to deoxyribonucleic acid (DNA) by intercalation possess the group property of being able to eliminate bacterial plasmids. Preliminary tests of this hypothesis (11; J. Ciak, S. Wormley, and F. E. Hahn, Bacteriol. Proc., GP154, p. 67, 1969) supported it, but remained less than conclusive. A confirmation of the hypothesis by more rigorous tests with the R-plasmid Rl carried by Salmonella typhimurium has recently been published (12) , using 15 intercalative compounds.
Although biophysical indications of intercalation binding exist for these 15 anti-R-plasmid drugs, conclusive tests ofthis type ofbinding by measuring resulting hydrodynamic changes and, hence, changes in the superhelical density of closed circular DNA, had not been carried out for all ofthem. Waring proved intercalation binding with the sedimentation method for daunomycin, proflavine, ethidium bromide, hycanthone (a miracil D congener), propidium iodide, and chloroquine (37) ; his results with chlorpromazine suggested that this drug was not intercalated into the 4X174 replicative form of DNA (37) . By viscometric titration of PM2 DNA, Saucier et al. (32) showed intercalation of proflavine, ethidium bromide, daunomycin, and quinacrine. With the same method (29), we have tested for intercalation binding of ethidium bromide, quinacrine, acridine orange, quinine, chlorpromazine, chloroquine, and methylene blue and report here that all ofthese anti-R-plasmid substances changes the superhelical density of PM2 DNA in the manner of intercalators. A preliminary report of some of these findings has been published (R. G. Allison and F. E. Hahn, Fed. Proc. 32:700, 1973).
The antimalarial drug primaquine acts as a preferential inhibitor of protein biosynthesis in vivo (28) by causing a rapid breakdown of ribosomes (27) . The same effect has been demonstrated for chloroquine in Bacillus megaterium (6) and in Plasmodium knowlesi (36) . At 6 x 10-4 M, primaquine inhibits protein synthesis completely in B. megaterium but has only minor effects on the biosyntheses of DNA and ribonucleic acid (28) . Evidently, the drug has merely marginal, if any, activity as a DNA template poison.
Holbrook et al. reported (17) that DNA caused a hypochromic shift in the absorption spectrum of primaquine, but the drug did not shift the thermal strand separation profile of DNA to higher temperatures and failed to increase the viscosity of calf thymus DNA; this last observation argued against intercalation binding of primaquine.
Whereas the pK, of the terminal nitrogen in the identical side chains of chloroquine and primaquine is approximately 10, the pK2 for chloroquine is 7.8, but that for primaquine is 3.1. The 8-aminoquinoline, hence, exists at physiological pH values as a monoprotonated cation (17) and cannot bridge the minor groove of DNA in the manner of 4-aminoquinolines (15) . The nature of the primaquine-DNA complex has remained unknown. We report here that at low ionic strength, primaquine changed the superhelical density of PM2 DNA in the manner of intercalators. Bacteriophage PM2 and its host organism, a marine bacterium, Pseudomonas BAL31, were kindly furnished by William R. Bauer. Isolation of PM2 from the infected bacteria was carried out with minor modifications of published methods (7, 31) . CsCl was removed from virus suspensions by dialysis against a solution of NaCl (1 M) in tris)hydroxymethyl)aminomethane(Tris)-hydrochloride buffer (0.02 M, at pH 8.1). The virus coats were removed by inicubating these suspensions for 30 min with 0.05% Sarkosyl at 37°C. Addition of propidium diiodide (100 ,ug/ml) to the lytic mixture prior to its incubation increased the final yield of supercoiled DNA. The liberated PM2 DNA was collected by centrifugation overnight in a Beckman 60 rotor at 35,000 rpm and 4°C. The DNA seediment was resuspended in a solution of CsCl (1.55 g/ml) in Trishydrochloride buffer (0.02 M), pH 7.4, containing 300 ug of propidium diiodide per ml (18) . Isopycnic centrifugation (18) produced one band consisting of supercoiled DNA. This material was stored frozen in liquid nitrogen and reisolated by isopycnic centrifugation prior to its use. Propidium diiodide was removed with Bio-Rad cation exchange resin AG 5OW-X8 in a batch operation, and the DNA was immediately dialyzed against a solution containing 0.2 M NaCl, 0.02 M Tris-hydrochloride, and 1 mM ethylenediaminetetraacetic acid at pH 7.35 .
MATERIALS AND METHODS
The theory of viscometric titration of supercoiled DNA with intercalators has been developed and exemplified with ethidium bromide by Revet et al. (29) . Such titrations were carried out by us in a Cannon semimicro dilution viscometer (model K 100), whose associated electronics have been described elsewhere (21) . The titrant was added from a Gilmont 0.25-ml micrometer syringe equipped with a glass capillary, which was placed firmly to extend approximately 1 mm below the surface of the DNA test solution. In the regions ofthe viscosity maxima, the titration curves were fitted to the measured times by computer to a third-degree polynomial (29) .
RESULTS
Quinacrine. Intercalation of this drug was originally inferred from classical optical studies (22) , and Saucier et al. (32) carried out a viscometric titration of PM2 DNA with quinacrine, which provided hydrodynamic evidence of intercalation binding. We have reproduced these results and obtained a viscometric titration curve (not shown), which shows the typical increase in viscosity (i.e., flow time) when supercoils are removed, an equivalence point (maximum) at which no supercoils are present in PM2 DNA, and a decrease in viscosity when supercoils are reintroduced.
Saucier et al. had estimated that the unwinding angle for quinacrine was 75% of that for ANTIMICROB. AGENTS CHEMOTHER. ethidium bromide (32) . This was based upon an estimate of the extent of intercalation binding of quinacrine from viscometry of fragmented linear DNA. We have reinvestigated the unwinding angle for quinacrine and found that it equaled that of ethidium bromide under our experimental conditions.
Titrations of five different DNA concentrations with quinacrine and offour different DNA concentrations with ethidium bromide were carried out. When v' is the critical binding ratio at which viscosity becomes maximal, i.e., all supercoils have been removed, C'T is the total drug concentration added, NT is the total DNA concentration, and c' is the free drug concentration at equilibrium, the following correlation among these parameters exists (29):
(1) This is an equation for a straight line of which the slope is the critical binding ratio, v', and the intercept, c', is the free drug concentration. Figure 1 shows these correlations for the titrations of PM2 DNA with quinacrine and ethidium. From these data, the intrinsic association constants under our ionic conditions were calculated to be 2.9 x 104 M-' for quinacrine and 106 M-1 for ethidium. 
Assuming the classical unwinding angle for ethidium of 120, i.e., ir/15 radians (37), the superhelical density of PM2 DNA, o-r, was calculated to be -4.2 x 10-2, a value in good agreement with -4.3 x 10-2 reported by Smit and Borst (33) from viscometric experiments under similar ionic conditions. From the identity of the slopes of the two lines in Fig. 1 , it follows that the unwinding angles for ethidium bromide and quinacrine were identical at the present ionic concentrations, which minimized nonintercalative binding to DNA.
It is possible that the values for the initial superhelical density and for the unwinding angle of quinacrine will have to be proportionally adjusted, because the unwinding angle for ethidium bromide has recently been revised upward to 26°C (35) . For the purpose of our present investigation, this is not of critical importance.
Acridine orange. As concerns its interaction with DNA, acridine orange has been one ofthe most frequently studied aminoacridines, but we are not aware of published hydrodynamic studies of acridine orange/DNA complexes. Figure 2 shows the results of our viscometric titration of PM2 DNA with acridine orailge. Since no data exist for the stoichiometry of binding (number of dye molecules per unit of DNA), the critical binding ratio, v', was not calculated. However, the shape of the viscometric titration curve (Fig. 2) is typical for a situation in which supercoils are removed, an equivalence point is attained, and supercoils are reintroduced. We conclude that acridine orange was intercalated into PM2 DNA under our experimental conditions. Chloroquine and quinine. These 4-substituted quinoline derivatives satisfy structural requirements for intercalation binding by possessing a minimal size of their planar heterocyclic systems of 38 A2, necessary for antimicrobial activity (1). This requirement has been subsequently recognized to be among those for intercalation into DNA (10) . Titrations of PM2 DNA with both compounds were carried out in 1 mM NaCl to forestall inorganic cationic competition with the binding of the substances to DNA. Waring (37) reported that at his standard concentration of 0.05 M Tris-hydrochloride, the interaction of chloroquine with closed circular DNA was "much weaker" than that of other drugs he studied, and we had found (8) that NaCl had marked activity of reversing the hypochromic effects of linear DNA on the absorption spectrum of quinine. Despite an asymmetry of the two titration curves (Fig. 3  and 4) , they are qualitatively consistent with intercalation binding.
Chlorpromazine and methylene blue. Intercalation binding of the two phenothiazine derivatives chlorpromazine and methylene blue has remained controversial. Waring (37) found no hydrodynamic evidence that chlorpromazine was intercalated, and hydrodynamic tests have not been carried out on methylene blue/ DNA complexes.
In this laboratory, earlier studies on the interaction of methylene blue with DNA (13) were hampered by the tendency of the dye to precipitate DNA, and similar occurrences with chlorpromazine rendered DNA-binding studies in our hands nonfeasible. Others (19) who have reported such experiments have commented on the "precipitation or aggregation" of DNA by chlorpromazine. Precipitability by phenothiazines appears to be a group property of polyphosphates (16) . To avoid experimental complications from precipitation of DNA by methylene blue, we carried out a sequential titration (Fig. 5) , which was started with methylene blue to a point indicated by the arrow at which the removal of supercoils was apparent, and then we completed the titration with quinacrine. Methylene blue contributed to the systematic change in viscosity of PM2 DNA, as would be expected from an intercalating compound.
A viscometric titration of PM2 DNA with chlorpromazine is shown in Fig. 6 . When the addition of chlorpromazine was increased above 60 ,M, the viscosity dropped precipitously (not shown), suggesting that DNA was precipitated. Therefore, we carried out, again, a sequential titration, starting with ethidium bromide to the point indicated by the arrow (Fig. 7) and followed by chlorpromazine, which produced a systematic decrease in viscosity, consistent with the systematic reintroduction of supercoils into PM2 DNA.
In previous sequential viscometric titrations ofdistamycin A and ethidium bromide (20), we have shown that the antibiotic did not contribute to the viscosity changes produced by ethidium bromide and, hence, was not intercalated. Sequential viscometric titration is a method by which intercalation models of DNA-com- plexing drugs can be studied for substances that precipitate DNA.
Primaquine. This antimalarial drug has no significant effects on nucleic acid biosyntheses (28) , and DNA-binding studies have not given indications of intercalation (17) . However, the size of the 8-aminoquinoline ring system suggests that intercalation binding should be possible. We tested this by viscometric titration of PM2 DNA, using a low ionic concentration of NaCl of 1 mM. The titration curve (Fig. 8) is consistent with the interpretation that under the present experimental conditions primaquine was, indeed, intercalated into DNA. DISCUSSION The present viscometric studies have proved for the first time that acridine orange, quinine, chlorpromazine, methylene blue, and primaquine are intercalated into DNA; they have confirmed intercalation binding of ethidium bromide (29) , quinacrine (32), and chloroquine (37) . The viscometric method has been used previously to prove intercalation of proflavine, actinomycin D, daunomycin (32), methoxy-9-ellepticine (9, 32), and amikhellin (30); on the other hand, it has shown that distamcyin A binds to DNA without intercalation (20 Of acridine orange it was initially believed that the compound was bound to DNA by "stacking" alongside the periphery of the double helix (4), but already in that early work reference was made to two types of complexes, the formation of which was dependent upon the dye/DNA binding ratio (4) . Subsequently, it became conventional to consider aminoacridine/DNA complexes of low dye/DNA ratios to be intercalation complexes (3) . On the basis of optical studies, intercalation binding of acridine orange has been discussed or inferred by several authors (34, 39) .
Intercalation binding of chloroquine was first postulated on the basis of hydrodynamic experiments with linear DNA (25) and has subsequently been proved by Waring (37) in sedimentation studies with closed circular DNA. Intercalation binding of quinine was also inferred from hydrodynamic experiments with linear DNA (8, 14) , but a low stoichiometry of 1 drug molecule per 40 base pairs and a numerical value for the apparent association constant were estimated at low quinine/DNA ratios, because at higher concentrations quinine precipitated DNA. Some uncertainty persists, therefore, that these data expressed the binding parameters of the alkaloid at equilibrium.
In the phenothiazine ring, the bond angles and distances of the C-S-C moiety of the ring system cause a localized departure from overall planarity (23) , arguing against the possibility of complete intercalation binding. Binding of methylene blue to DNA in equilibrium dialysis revealed an extreme specificity for guanine-plus-cytosine-rich DNA (24) . In that work, methylene blue was classified as an intercalator (24) , but no tests of this hypothesis are reported in the literature. Electronspin resonance studies of the binding of the positive radical of chlorpromazine to DNA have suggested intercalation binding (26) , but Waring found no hydrodynamic evidence that the drug was intercalated (37) . Quenching of the fluorescence of the intercalation complex of acridine orange with DNA by methylene blue and chlorpromazine led Yamabe to the inference that the two phenothiazines were intercalated (40) .
Viscometry (32) has confirmed Waring's estimates of the unwinding angles of proflavine and daunomycin to be approximately 66 or 33% of that of ethidium bromide (37) . A discrepancy exists, however, between an estimate of the unwinding angle of quinacrine, which Saucier et al. reported to be 75% of that of ethidium bromide (32) , and our finding that it was identical to that of ethidium bromide ANTIMICROB. AGENTS CHEMOTHER.
( Fig. 1) . Those workers (32) based their estimate of the unwinding angle of quinacrine on determinations of the extent of intercalation binding of quinacrine by viscometry of fragmented linear DNA, whereas our determination is based upon titrations of a series of closed circular DNA concentrations with the drug and determinations of the critical binding parameters from the linear plot of Fig. 1 , using the original methodology of R6vet et al. (29) . Another difference between the work of Saucier et al. (32) and our studies involves ionic concentrations in the viscometric titrations. They used a solvent of an ionic strength of 0.05 M, whereas in the present work a higher ionic strength was selected (see legend to Fig. 1 ) to minimize electrostatic binding of quinacrine to the periphery of the double helix.
Our present work and studies of others (32, 37) bring to 11 the number of anti-R-plasmid drugs in a set of 15 that have been tested for their ability to eliminate the R-plasmid Rl (12) . Intercalation binding has been proved for these 11 compounds. Among the remaining four, intercalation of berberine (14) and tilorone (5) (38) . This number is suggestive of intercalation binding. Intercalation binding of primaquine under non-physiological hypotonic conditions does not appear to result in biochemical effects in vivo (28) in isotonic media.
Our microbiological results (11, 12) and the present biophysical findings, as well as those of others (32, 37) , jointly confirm the hypothesis that intercalative compounds have the group property of eliminating bacterial plasmids. This hypothesis now suggests that superior anti-R-plasmid drugs might be discovered by a systematic study of additional intercalative compounds. 
